Introduction {#s1}
============

The radio frequency (RF) transmit field of an MRI scanner can induce currents on implanted conducting structures. These currents can lead to potentially harmful localized tissue heating. During an MRI examination, heating in conductors is induced by the oscillating local electric field. The fact that conductors with sharp edges concentrate the electric field exacerbates the issue (Purcell and Morin, [@B21]). The highest risk is posed by loops of conductors (Dempsey et al., [@B7]) or the tips of elongated metallic wires that are insulated along their length except at the ends (Yeung et al., [@B30]; Nyenhuis et al., [@B19]; Mattei et al., [@B14]). The local electrical field strength along the implant direction has been shown to strongly affect RF heating (Nordbeck et al., [@B16]). Furthermore, the amount of heating depends on the length and diameter (Armenean et al., [@B3]) as well as the resistivity of the wire (Armenean et al., [@B2]). Depending on the experimental setup, temperature rises of 30°C and above have been measured *ex vivo* (Konings et al., [@B12]; Smith et al., [@B26]; Nitz et al., [@B15]). *In vivo*, when the focal point of heating is perfused and thus naturally cooled, the measured temperature increases are usually lower but can still cause tissue damage. In muscle tissue, which is less well-perfused and hence has a reduced thermal conductivity, heating has been found to match the extent of findings from phantom experiments (Luechinger et al., [@B13]). However, all the above studies made use of large body coils for RF transmission. This paper investigates whether the use of a transmit--receive (Tx/Rx) birdcage head coil lowers the risk for heating around metallic implants when those implants reside in an area of the body that is entirely outside the volume of the coil. For such cases the Tx/Rx coil is often recommended (see for example Carmichael et al., [@B6]; Sankar and Lozano, [@B23]; Zrinzo et al., [@B31]) instead of the body coil. Albeit reasonable, this claim has not been tested systematically with implants that are entirely outside the volume of the Tx/Rx coil.

During an examination in a 1.0 T MRI scanner, an individual suffered a lesion adjacent to the tip of the implanted deep brain stimulation electrodes (Henderson et al., [@B9]). In this case, the examination was performed using the Tx/Rx body coil at 1.0 T instead of the Tx/Rx head coil at 1.5 T. The manufacturer of the implant specifically recommended the latter. It is important to note that the Tx/Rx birdcage head coil should not be universally assumed to be safe (Rezai et al., [@B22]) just because its use was deemed safe for a particular metallic prosthesis (Benbadis et al., [@B5]) or because at one field strength it has been shown to carry less risk than the body coil (Nyenhuis et al., [@B18]). In another case, even though the Tx/Rx birdcage head coil was deemed safe at 1.5 T, its use at 1.0 T led to the injury of an elderly patient (Spiegel et al., [@B27]). In both of these cases at least part of the implant was located in an area of the body that was within the physical volume of the Tx/Rx head coil. What happens when the implant is entirely outside the physical volume of the Tx/Rx head coil remains unclear.

Many implants have been studied systematically (Shellock, [@B24]). However, due to the sheer number of these devices it is not possible to test every single one. In addition, volunteers of research studies and patients undergoing clinical MRI examinations often do not know which implant they have. Even if they knew the exact type, make, and part number of their implant, manufacturers reserve the right to change the composition of the implant without changing the part number (Shellock and Kanal, [@B25]).

The American College of Radiology pointed out in their recommendations for safe MRI practice that "decisions based on published MR safety and compatibility claims should recognize that all (...) claims \[of MR safety and compatibility\] apply only to the specifically tested conditions...." (Kanal et al., [@B11]). In general, phantom experiments for MR heating tests cannot establish an unequivocal worst-case scenario for the entire patient or volunteer population (Kainz, [@B10]). The amount of heating depends not only on the known properties of the implant but also on its immediate surroundings (Konings et al., [@B12]), which are frequently unknown for *in vivo* scenarios. Under certain conditions, which depend on the length of wire, loop diameter, and inductive/capacitive coupling with external objects, an implant may become resonant at the transmit frequency. When resonant, power absorption of the implant increases significantly. Hence, predicting the extent of heating around an unknown implant due to the RF field is challenging.

Rather than establishing a worst-case scenario for a particular implant, the aim of the current study is to compare the extent of heating around a conductive metal wire while using either the Tx/Rx body or head coils. Both MR experiments and simulation comparisons were performed. In particular, these tests assess whether it is reasonable to follow the common practice of using the Tx/Rx head coil in place of the Tx/Rx body coil to reduce the risk of heating around conductive implants.

Materials and methods {#s2}
=====================

All experiments were performed on a 3T Tim Trio scanner (Siemens Healthcare, Erlangen, Germany) using either the Tx/Rx body coil or the Tx/Rx head coil of the vendor (part name: TX/RX CP Head Coil 3T). We performed three experiments (Figure [1](#F1){ref-type="fig"}). To avoid any gradient-related heating of the phantom inside the bore, a custom-made MRI sequence was implemented in the pulse programming environment of the vendor (IDEA VB17). This sequence transmitted a train of RF rectangular (hard) pulses without imaging gradients. The flip angle and TR were varied to modulate the time-averaged RF power.

![**The top three rows display the experimental set up for Experiments 1--3, respectively**. The lid in Experiment 2 was designed to form the top of the platform in Experiment 3. The red arrow is pointing to the probe in the experiment in air. Note the cable traps (yellow arrows) and the tuning/matching box (blue arrow). The red cabling in the 1st row is the protective cover for the fiber optic connections (green arrows) from the temperature sensors to the signal conditioner, which was kept outside the magnet room. The bottom row displays left to right the non-resonant dipole (**E** field) as well as the resonant and non-resonant loops (**B** field).](fnins-11-00015-g0001){#F1}

The aim of Experiment 1 (Figure [1](#F1){ref-type="fig"}) was to take temperature measurements in a gel phantom using either the Tx/Rx body or head coil. The gel and phantom were prepared in accordance with the F2182-02a ASTM standard ([www.astm.org](http://www.astm.org))[^1^](#fn0001){ref-type="fn"}, except the depth of the phantom was 15 cm. This depth allowed for the phantom to cover the vertical center of the Tx/Rx head coil (i.e., isocenter of the magnet). The temperature was measured by five optical temperature sensors and a signal conditioner (Opsens, Quebec, Canada) at 100 Hz sampling rate. The acquired data were subsequently low-pass filtered using a moving average with 2 s window. In a control experiment, the five sensors were positioned halfway down the depth of the gel and in a line from the center of the head to the abdomen of the ASTM phantom except one sensor, which was in the left shoulder (Figure [2A](#F2){ref-type="fig"}). Using the Tx/Rx head coil and registering a human subject with 60 kg body weight the sequence providing 100% SAR was run for 15 min.

![**Positions (yellow/green crosses) in the ASTM phantom at which temperature measurements were taken**. In part **(A)**, the position of the five temperature sensors is given for the control experiment using the Tx/Rx head coil. Each temperature sensor was positioned approximately half way down the depth of the tank. Part **(B)** depicts the set-up of Experiment 1, where two temperature sensors were used as control (one in the head and another in the body of the ASTM phantom), while the other three were kept around the 15-cm long wire (see inset on the right).](fnins-11-00015-g0002){#F2}

In the actual experiment, temperature around a wire that was 15 cm in length was measured. The wire was insulated using PVC along its length, except at the ends, and was positioned in various orientations and positions inside the gel phantom. Three temperature sensors were positioned around the wire. For reference, one channel was left at the side of the head and another at the side of the body of the ASTM phantom (Figure [2B](#F2){ref-type="fig"}). To maximize the transmitted RF power, the maximum possible body weight of 130 kg (Table [1](#T1){ref-type="table"}), under normal operating conditions with regards to the SAR model of the vendor (i.e., although some scanners have options, which allow the user to switch to more lenient safety modes, we performed all experiments in the standard operating mode).

###### 

**Time-averaged RF power vs. body weight for 100% Head SAR while using the body coil**.

  **Patient weight (kg)**   **Time-averaged RF power (W)**
  ------------------------- --------------------------------
  50                        43.4
  60                        47.2
  70                        49.4
  80                        51.5
  90                        53.0
  100                       54.1
  110                       55.7
  120                       57.1
  130                       58.3

RF pulse length, flip angle, and TR were adjusted until a 100% SAR was achieved. It is essential to point out the importance of keeping the position of ASTM phantom on the scanner patient table constant. Regardless of whether the head or body coil was used for transmission, the center of the head part of the ASTM phantom was positioned at the isocenter of the magnet. Such careful positioning is necessary to standardize the measurement, otherwise the scanner may not have adequate information to determine which body part is being scanned. Erroneous guesses of the body part would bias the comparison because SAR models for different body parts are not identical. For the body coil at 100% Head SAR, the time-averaged RF power was 58.2 W. Because these experiments took several days the patient table had to be pulled out and repositioned twice. The time-averaged RF power was 58.4 and 58.3 W for the other occasions. This demonstrates the reproducibility of the experiments. Further aspects of reproducibility and the difficulty in applying standard statistical methods are elaborated in the Appendix. For the experiments with the head coil at 100% Head SAR, the time-averaged RF power was 22.7 W.

Measurements were taken using the Tx/Rx body coil for RF transmit at 11 distinct positions:

1.  Side of the head and midway through the axial length of the ASTM phantom head

2.  Side of the neck at the junction of the head and body of the ASTM phantom

3.  Further toward the body relative to position 2 so that the caudal end of the wire was 30.5 cm away from the isocenter of the magnet

4.  Same as position 3 except at the right side of the phantom

5.  Wire in the left-right orientation just below the right shoulder

6.  Same as position 3 but at an oblique angle in the left-right/head-foot plane

7.  Wire in the left-right orientation at the sternum but one end touched the bottom of the phantom

8.  Same as position 4 except at the bottom of the phantom

9.  Same as position 8 except at the left side of the phantom

10. Wire at the right side of the phantom but 7.5 cm more caudal than position 4

11. Same as position 10 except the wire in the left-right orientation

Positions 1 and 4 were repeated whilst using the Tx/Rx head coil for RF transmission.

In Experiment 2 (Figure [1](#F1){ref-type="fig"}), the electric (**E**) and the magnetic (**B**) fields transmitted by the Tx/Rx head coil through gel were investigated. Three RF probes (Figure [1](#F1){ref-type="fig"}) were used to take measurements at distances of up to 60 cm from the coil (i.e., inside the ASTM phantom). The resonant **B** field loop was tuned and matched to at least −25 dB. A partial lid was placed on the ASTM phantom to which the probes could be secured either at the horizontal center (i.e., on-center) or at the horizontal edge (i.e., off-center) of the Tx/Rx head coil. The probes were positioned so that the plane of the loop would be parallel to the surface of the patient table or the dipole would point in the left-right direction. The fitted probes were \~1−2 cm below the gel surface and at the vertical center of the Tx/Rx coil. All probes were connected to the magnet room filter plate via coaxial cables fitted with three appropriate cable traps (\>20 dB attenuation at 123.2 MHz) 25 cm apart. The instantaneous pulse RMS voltage induced in each probe was measured with an oscilloscope (Wavelet 300A, Teledyne Lecroy, USA) set to either 50 Ω or 1 MΩ input impedance.

In Experiment 3 (Figure [1](#F1){ref-type="fig"}), measurements were taken similarly to Experiment 2, but in air. The partial lid from Experiment 2 was designed to form the top of a platform. Measurements of the **E** and **B** fields were taken at distances of up to 105 cm from the coil. Because a spherical gel phantom (Friedman and Glover, [@B8]) was used for coil loading, no measurement could be taken at the center of the Tx/Rx coil.

Using a commercial finite-difference time domain (FDTD; Yee, [@B29]) solver (XFdtd, Remcom, State College, PA, USA), we performed simulations for all the above three experiments. The head coil was simulated as a 16-rung coil, driven in the CP1+ mode using current sources with phase shifts in the legs. The body coil was simulated as a 32-rung shielded high-pass birdcage coil following that of Wu et al. ([@B28]). For simulating the **E** and **B** field distributions either a model of the ASTM phantom (as in Experiments 1--2) or a model of a spherical gel phantom (as in Experiment 3) was used.

Results {#s3}
=======

In the control experiment (i.e., without the conductive wire) the temperature differences between the beginning and the end of the experiment were between −0.2 and 0.1°C. The results of Experiment 1 are listed in Table [2](#T2){ref-type="table"}. Using the body coil for RF transmission resulted in excessive heating around the tip of the wire at positions 1 (head), 2 (neck), 4 (upper arm), 5 (shoulder), 6 (upper chest), and 8 (upper arm deep in the tank). Apart from positions 1 and 2, the wire was entirely outside the imaging volume of interest. When using the Tx/Rx head coil for RF transmission, having the wire at position 1 (head) also induced excessive heating. However, in position 4 (upper arm) no heating was measured. The corresponding simulations (Figure [3](#F3){ref-type="fig"}) are in line with the experimental results in that the upper arm area of the ASTM phantom receives higher **E** field with the Tx/Rx body coil than with the Tx/Rx head coil.

###### 

**Sensors 1 and 2 were positioned at the tip of the wire. Sensor 3 was positioned at the midway point of the wire. Sensor 4 was used as control and positioned next to the inner side of the phantom midway through the body of the ASTM phantom, while sensor 5 (also a control) was positioned at the inner side of the phantom midway through the head of the ASTM phantom (see Figure [2B](#F2){ref-type="fig"})**.

                                                                        **Sensor 1 (wire tip)**   **Sensor 2 (wire tip)**   **Sensor 3 (wire center)**   **Sensor 4 (control in body)**   **Sensor 5 (control in head)**                                                                  
  --------------------------------------------------------------------- ------------------------- ------------------------- ---------------------------- -------------------------------- -------------------------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ -----
  **Tx/Rx BODY COIL**                                                                                                                                                                                                                                                                     
  01                                                                    17.8                      26.1                      8.3                          18.3                             26.9                             8.6    18.2   19.0   0.8    18.1   18.1   0.0    18.5   19.2   0.7
  02                                                                    16.9                      21.3                      4.4                          17.4                             21.7                             4.3    18.3   19.0   0.7    18.1   18.1   0.0    19.1   19.8   0.7
  03[^\*^](#TN1){ref-type="table-fn"}                                   17.0                      16.9                      −0.1                         17.4                             17.3                             −0.1   17.8   17.7   −0.1   18.1   18.1   0.0    19.7   19.9   0.2
  04                                                                    17.6                      18.8                      1.2                          18.1                             19.3                             1.2    18.5   18.8   0.3    18.2   18.2   0.0    19.8   20.5   0.7
  05                                                                    18.2                      20.0                      1.8                          18.7                             20.5                             1.8    18.6   18.9   0.3    18.2   18.2   0.0    20.4   21.0   0.6
  06                                                                    17.2                      18.6                      1.4                          17.5                             18.7                             1.3    18.9   19.3   0.4    18.4   18.4   0.0    20.9   21.4   0.5
  07                                                                    17.0                      17.8                      0.8                          17.5                             18.3                             0.8    18.0   18.1   0.1    18.3   18.4   0.1    21.3   22.0   0.7
  08                                                                    18.6                      20.4                      1.8                          19.0                             20.6                             1.6    18.6   19.0   0.4    18.7   18.6   −0.1   19.6   20.3   0.7
  09                                                                    18.5                      19.2                      0.7                          18.9                             19.5                             0.6    18.6   18.7   0.1    18.5   18.5   0.0    20.2   20.8   0.6
  10                                                                    18.5                      19.0                      0.5                          18.9                             19.3                             0.4    18.3   18.4   0.1    18.4   18.4   0.0    20.7   21.3   0.6
  11                                                                    19.7                      19.6                      −0.1                         20.1                             20.0                             −0.1   19.2   19.3   0.1    18.4   18.4   0.0    21.4   21.9   0.5
  **Tx/Rx HEAD COIL**                                                                                                                                                                                                                                                                     
  01                                                                    21.1                      23.2                      2.1                          21.3                             25.3                             4.0    21.1   22.0   0.8    18.3   18.3   0.0    22.0   22.3   0.3
  04                                                                    19.3                      19.2                      −0.1                         19.6                             19.5                             −0.1   18.9   18.8   −0.1   18.4   18.3   −0.1   21.7   22.2   0.5
  **REPEATED EXPERIMENTS WITH Tx/Rx BODY COIL FOR QUALITY ASSURANCE**                                                                                                                                                                                                                     
  01                                                                    21.4                      25.8                      4.4                          21.6                             30.4                             8.8    21.8   23.3   0.5    18.3   18.3   0.0    22.0   22.5   0.5
  08                                                                    19.2                      20.9                      1.7                          19.6                             20.9                             1.3    18.9   19.2   0.3    18.3   18.3   0.0    20.8   21.4   0.6

*For the 3rd position the experiment was stopped after a few minutes because no significant heating was observed*.

![**Simulations accompanying the set-up of Experiment 1**. Part **(A)** depicts the arrangement of the ASTM phantom relative to the Tx/Rx head (left) and Tx/Rx body (right) coils. Part **(B)** shows a coronal section of the ASTM phantom giving both the **E** field (top) and the **B** field (bottom) for both the Tx/Rx head (left) and Tx/Rx body (right) coils. The dashed lines are for reference only (see Figure [5](#F5){ref-type="fig"}) indicating the left/right center and edge of the Tx/Rx head coil. Please note that each field plot is normalized to its own maximum, hence the colors are not comparable for the four plots.](fnins-11-00015-g0003){#F3}

Figure [4](#F4){ref-type="fig"} depicts the results of Experiments 2 and 3. As expected, Experiment 3 showed that, in air, the transmitted RF power by the Tx/Rx head coil monotonically decreased with distance both at the center and edge of the coil (1st and 2nd column from the left). Significant power could be detected up to 50 cm from the coil. Use of the resonant **B** field probe resulted in several fold higher measured RMS power than use of the non-resonant **E** or **B** field probes. Closer to the edge of the coil, in the vicinity of the electronic components of the coil, the measured power of the **E** field was higher than that of the **B** field.

![**Both on-axis and off-axis results are shown for Experiment 2 (two right columns) and Experiment 3 (two left columns)**. Note that the y-range is unique to each plot and that the x-range is 60 cm for Experiment 1, whereas for Experiment 2 it is 105 cm. In each plot the blue rhombi, the red squares, and the green triangles represent measurements with the resonant **B** probe, non-resonant **B** probe, and the non-resonant E probe, respectively.](fnins-11-00015-g0004){#F4}

Using the gel phantom, measurements in Experiment 2 produced a more complex behavior (3rd and 4th columns from the left). Rather than a monotonic decrease with distance, several local extrema were observed, and at the end of the ASTM gel phantom (farthest from the Tx/Rx head coil) local maxima were apparent with all three probes used in this experiment. For example, at the foot end of the phantom (60 cm away from the birdcage coil), the on-axis measurements of the **E** and **B** field magnitudes exceeded 48, 13, and 63% for the resonant**/**non-resonant **B** probes and the **E** probe, respectively, when compared to the corresponding measurements at the coil (i.e., 0 cm away). In particular, the resonant B probe produced higher/lower results than the non-resonant probe, depending on spatial position.

Because the ASTM phantom had a head segment, the spherical gel phantom was no longer needed for loading the Tx/Rx coil. This allowed for an extra measurement at the center of the Tx/Rx head coil. As expected, measurements with all three probes provided the highest results at this position: 4.25/4.9/1.7 V (RMS) for the resonant/non-resonant **B** field probes and the non-resonant **E** field probe, respectively.

The simulations were in qualitative agreement with the experimental results (Figure [5](#F5){ref-type="fig"}). There was an almost entirely monotonic decrease of the transmitted **E** and **B** fields in the simulations of Experiment 3 in air (right column). The complex behavior of Experiment 2 in the ASTM phantom was also confirmed by the simulation results (left column). In particular, the surprising effect of the local maxima at the end of the ASTM phantom was clearly apparent in the simulations. For the in-air case and in the vicinity of the coil, the simulations and experimental results (Figure [4](#F4){ref-type="fig"}) supported each other well in that both the **E** and resonant **B** fields were higher near the rungs (off-axis) than at the center (on-axis) of the Tx/Rx coil when considering the resonant **B** and the **E** field probes. For the case of the ASTM phantom, the simulations also indicated that the **B** field magnitude would be slightly lower on axis than off axis. Experiments with the resonant **B** field probe confirmed this prediction. For the case of the ASTM gel phantom, the simulations differed slightly from the experimental results for the **E** field. The simulations predicted similar E field magnitude on and off axis in the vicinity of the coil. Experimentally, we found that the **E** field magnitude was higher off axis than on axis.

![**Simulation results for Experiment 2 (left) and Experiment 3 (right)**. The top two rows depict the profile of simulated field intensity along a straight line down the center (on-axis) or around edge (off-axis) of the Tx/Rx head coil (see dashed white lines in corresponding two field plots on the bottom). On the bottom, simulated coronal slices through the ASTM phantom are shown for the E (3rd row) and B (bottom row) fields. The color bar represents attenuation (in dB) relative to the maximum value (red or 0 dB).](fnins-11-00015-g0005){#F5}

Discussion {#s4}
==========

We have shown that conductors can heat up significantly in response to RF transmit fields even if they are entirely outside the imaging volume of interest. In particular, during a neuro examination the 15 cm long wire was a risk for both the Tx/Rx body coil and the Tx/Rx head coil when in the shoulder region. However, in the upper arm region the Tx/Rx head coil caused no noticeable heating, while in the same position the Tx/Rx body coil did in fact cause unacceptable heating. Together with the simulations and experiments in both gel and air, these results show that at 3T the Tx field of the Tx/Rx birdcage head coil extends well-beyond its physical dimensions. In particular, when a conductive medium, such as a human, is inside or near coil the transmitted **E** and **B** fields display a more complex behavior than a simple monotonic decay with distance.

Although transmitted **E** and **B** fields have been studied for a Tx/Rx body coil (Amjad et al., [@B1]), little is known about the safety of the Tx/Rx head coil configuration in cases where an implant is located entirely outside of the volume of the Tx/Rx head coil. Most incidence reports concern cases where at least part of the implant is within the imaging volume. However, a recent report also investigated whether conductive implants posed a risk when placed in an area of the body that was outside the imaging volume of interest (Noureddine et al., [@B17]). Their investigations only concerned measurements at 7T, but concluded that a categorical exclusion of volunteers with implants is overly conservative.

It should be noted that *ex vivo* experiments, which investigate induced RF heating in or around implants, could have different outcomes depending on the phantom composition. Specifically, performing the experiment in a saline solution produces much less heating than that in a gelled agent (Park et al., [@B20]). The phantom used in this study conformed to the ASTM standard (F2182-02a, [www.astm.org](http://www.astm.org)), which requires a gelled phantom material. Therefore, our results are unlikely to be an underestimation.

The amount of heating around a conductive wire depends on a combination of several parameters, including, among other things, length, thickness of its insulation, and conductance of the surrounding medium. For example, Yeung et al. ([@B30]) found that wires that were insulated, except at their tips, produced up to 10 times more heating than those that were completely insulated. The straight conductor used in this experiment was designed this way in order to exacerbate potential RF-induced heating.

To increase the sensitivity of our measurement to the potential heating in Experiment 1, we positioned three temperature sensors around the conductor. The manufacturer advised to position these sensors (crystal strain gauges) both parallel to the tip of the conductor and perpendicular to it. The third temperature sensor was positioned at the center of the wire because different mechanisms cause heating at the tip and at the center of the conductor.

The simulations predicted the experiments very well. One deviation occurred in the E field near the coil (neck and shoulder area in a human subject) in the ASTM gel phantom. In this case the simulations predicted that the E field would be similar both on and off axis (i.e., at the center of the coil vs. the rungs) but Experiment 2 indicated that closer to the rungs the **E** field was higher. This discrepancy may be due to the capacitors being near the rungs, which store the E field.

Another noteworthy point is that use of the resonant **B** field probe did not provide the highest measurement of RMS power on axis in the gel phantom in Experiment 2. This may be due to the large number of variables, which are hard to control for simultaneously. We used a network analyzer to tune and match the resonant probe separately for each of the experimental set ups. While for all experiments the matching was at least −25 dB, at different positions the tuning/matching was variable.

It is interesting that both the simulations and the experimental results indicate that the RF induced **E** and **B** fields show local maxima at the end of the ASTM phantom (farthest from the Tx/Rx coil) as opposed to a monotonic decrease as one might expect from the in air experiments. These local maxima may be due to a skin effect at the caudal edge of the phantom. An able-bodied participant or clinical patient would have their lower extremities at this point. Nevertheless, these results are noteworthy for implants that are far from the Tx/Rx head coil but superficially placed within the body.

There were limitations to this study. Generally, the simulations describe an idealized version of the real experiments. Perhaps the most marked difference is the size of the probes. In the experiments the probes have a finite size and hence can therefore interact with the Tx coil, perturbing its field. On the other hand, in the simulation a point conductor is assumed without such interaction. Because in these experiments the probes were electrically small, this point source approximation is reasonable for the non-resonant probes. A refinement for future studies would be to model a resonant loop and to run multiple simulations at different positions to investigate how perturbed the Tx field is. It would also be possible to make very small (5 mm diameter/length) **E** and **B** field probes and thus approximate the simulated point measurements more closely. These point measurements could be made on a Cartesian grid spanning all three axes, similar to the measurements performed by Nordbeck et al. ([@B16]) with a body coil. Further, it must be noted that relying solely on SAR-values as reported by the scanner is generally not recommended (Baker et al., [@B4]) because the implementation is manufacturer specific and hence it provides an unreliable comparison. We would like to point out that in the present paper the same scanner was used for all experiments, and careful placement of the phantom on the patient table ensured that the same SAR model and the same time-averaged RF power were used.

It is important to note that many elements of MRI scanners are manufacturer specific. For example, the length of the Tx/Rx body coil, the length of the bore (i.e., the size of the magnet), and the diameter of the bore are often obvious. A less obvious factor that may contribute to heating and resonance effects is the actual field strength of the scanner. Different manufacturers ramp their magnets to slightly different fields. Also, when several scanners are installed nearby they are often ramped to slightly different field strengths to avoid cross talk. This is not an exhaustive list of engineering issues that could modulate the amount of heating around conductive implants but it demonstrates the difficulties in generalizing such results and highlights the caution necessary when interpreting reports on heating from the literature. By testing resonant probes and insulated wires, the experiments were designed to reflect worst-case, or at least high-risk, scenarios with respect to the implant. However, it is still possible that other configurations may pose an even higher risk. Thus, we recommend caution when extrapolating to other cases and configurations.

Conclusion {#s5}
==========

At 3T, our findings support the use of the Tx/Rx head coil in favor of the body coil for examinations involving individuals with abdominal or lower thoracic implants. Although we have shown that the induced E and B fields of the Tx/Rx head coil extend further out than its physical dimensions, in our experiments at 3T we could not detect any heating related to these fields while using the head coil. One must still exercise caution since our study may not have included a worst-case scenario, which is difficult to predict and achieve experimentally (Kainz, [@B10]). Implants close to the neck and shoulders would especially need to be considered very carefully.
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^1^ASTM Standard F2182-02a.

Although the present article seems devoid of standard statistical analysis, it is not an oversight. Statistical analyses are based on the assumption that measurements are made under identical conditions. Hence, the results of these repeated experiments are expected to be reproducible apart from random errors. However, the ASTM standard on RF-induced heating (F2182-02a, [www.astm.org](http://www.astm.org)) does not describe repeated measurements. Instead it requires 15 min of measurement with and without the implant (in our case the straight wire) using the same scanner hardware and MR sequence. The measurement without the implant serves as a control. We implemented two controls. The first is the separate control heating experiment (Figure [2A](#F2){ref-type="fig"}) without the wire in place. Secondly, in each experiment that involved the straight wire in Experiment 1 (Figure [2B](#F2){ref-type="fig"}), we used two additional temperature sensors (one in the head and another in the body of the ASTM phantom). These sensors were left in the same position for all experiments to monitor a baseline (either heating by the RF transmission or the air conditioning of the room). Table [2](#T2){ref-type="table"} indicates that although the actual temperature of the phantom changed over the experiments, the change in temperature during the 15 min of heating tests were highly stable (see sensors 4 and 5). The Opsens temperature sensors are capable of 1 kHz sampling rate. We recorded our data at 100 Hz. The actual values that are compiled in Table [2](#T2){ref-type="table"} can be considered highly precise, given that they represent the average of at least 30 s of measurement (i.e., 30000 samples or 3000 recorded data points) right before and at the end of the 15 min heating period.

The heating measurements presented in this paper are extremely difficult and time consuming. Small changes in the position or orientation of the conductive object can provide drastically different results. Furthermore, the heating produced is often very local. Therefore, the results are also very sensitive to small changes in the position of the temperature sensors relative to the conductive object. Nonetheless, even if repeated measurements were made, say 10 times in each of the 10 positions described in the methods, standard statistical analyses would usually not be performed. Instead the measurement, which produced the highest amount of heating at each of the 10 positions would be taken. This would represent the worst-case scenario, which is of paramount interest in safety measurements. Nonetheless, temperature measurements were repeated in two positions whilst using the body coil for RF transmission (Table [2](#T2){ref-type="table"}). Rather than leaving the wire in the same position and simply allowing the gel to cool down, the repeated measurement was taken far apart in time so that the wire, the wire holder, the temperature sensors (sensors 1--3) had to be repositioned fully.

To avoid some sources of systematic errors (i.e., those that depend on time), the measurements in Experiment 2--3 were taken in a random order. Furthermore, some measurements, at different distances, were repeated for quality assurance. These repeated measurements were also taken randomly in time. For example, in Experiment 2 we had 94 vs. 93 mV at 15 cm, 62 vs. 66 mV at 25 cm, 91 vs. 96 mV at 40 cm using the **E** field dipole for the on-axis measurements; 2460 vs. 2530 mV at 0 cm and 282 vs. 300 mV at 30 cm using the non-resonant **B** field probe for the on-axis measurement. For all but one of the 18 repeated measurements the discrepancy was within 6%. The measurement with a 13% discrepancy was taken in air, off-axis, at a distance of 105 cm from the coil, and using the non-resonant **B** field probe. The two measurements were 4.65 vs. 5.3 mV.

As mentioned in the Materials and Methods Section, positioning the phantom was also highly reproducible. The three times that positioning was necessary the time-averaged RF transmit power was within 0.2 W (\~0.3%).
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